The synthesis of biotin, a vitamin required for many carboxylation reactions, is a variable trait in Saccharomyces cerevisiae. Many S. cerevisiae strains, including common laboratory strains, contain only a partial biotin synthesis pathway. We here report the identification of the first step necessary for the biotin synthesis pathway in S. cerevisiae. The biotin auxotroph strain S288c was able to grow on media lacking biotin when BIO1 and the known biotin synthesis gene BIO6 were introduced together on a plasmid vector. BIO1 is a paralog of YJR154W, a gene of unknown function and adjacent to BIO6. The nature of BIO1 illuminates the remarkable evolutionary history of the biotin biosynthesis pathway in S. cerevisiae. This pathway appears to have been lost in an ancestor of S. cerevisiae and subsequently rebuilt by a combination of horizontal gene transfer and gene duplication followed by neofunctionalization. Unusually, for S. cerevisiae, most of the genes required for biotin synthesis in S. cerevisiae are grouped in two subtelomeric gene clusters. The BIO1-BIO6 functional cluster is an example of a cluster of genes of ''dispensable function,'' one of the few categories of genes in S. cerevisiae that are positionally clustered.
B IOTIN (vitamin H) is an essential vitamin. In
Saccharomyces cerevisiae it is required for lipid metabolism (Roggenkamp et al. 1980) , leucine metabolism (Ohsugi and Imanishi 1985) , and is a substrate of the biotin protein ligase (BPL1) (Hoja et al. 1998) . Biotin is taken up by VHT1, a plasma membrane biotin transporter (Stolz et al. 1999) . Many prokaryotes are capable of synthesizing biotin, as are plants and some fungi. No animal is capable of synthesizing biotin. Some fungal species including Aspergillus sp. (Shchelokova and Vorob'eva 1982) are capable of synthesizing biotin, and some such as Ashbya gossypii (Dietrich et al. 2004 ) lack the genes necessary to synthesize biotin. Some fungal species that are incapable of synthesizing biotin still have portions of the biotin biosynthetic pathway and are capable of utilizing intermediates to synthesize biotin (Phalip et al. 1999; Wu et al. 2005) . In S. cerevisiae, many wild isolates cannot synthesize biotin but nevertheless retain the BIO2, BIO3, and BIO4 genes from this biosynthetic pathway. Other isolates of this species are biotin prototrophs. The steps in biotin biosynthesis have been determined in Escherichia coli and Bacillus sp. (Streit and Entcheva 2003) (Figure 1 ). The first step of biotin biosynthesis, the formation of pimeloyl-CoA, is not conserved. Some species including E. coli, form pimeloyl-CoA from the condensation of three molecules of malonyl-coenzyme A (CoA) by the action of the bioC-bioH complex (Ifuku et al. 1994) . Other species such as some species of Bacillus are capable of forming pimeloyl-CoA from pimelic acid with a single gene (bioW) (Bower et al. 1995) . The last four steps from pimeloyl-CoA to biotin are generally conserved (Streit and Entcheva 2003) .
In eukaryotes, less is known about the genes involved in biotin formation than in bacteria. Most of what is known about biotin biosynthesis in eukaryotes is derived from work in Arabidopsis thaliana and S. cerevisiae (Zhang et al. 1994; Phalip et al. 1999; Streit and Entcheva 2003; Pinon et al. 2005; Wu et al. 2005) . In S. cerevisiae, three of the genes involved in biotin synthesis and intermediate transport are found within a subtelomeric cluster located on chromosome XIV (BIO3, BIO4, and BIO5) (Phalip et al. 1999) . The final gene in the pathway, encoding biotin synthetase (BIO2), is found on chromosome VII (Zhang et al. 1994) (Figure 1) . A screen for genes of recent bacterial origin in S. cerevisiae and A. gossypii indicated, and subsequent phylogenetic analysis strongly supports, that two of these three known genes for biotin biosynthesis, BIO3 and BIO4, were acquired by horizontal gene transfer (HGT) from bacteria (Hall et al. 2005) . Wu et al. (2005) identified and characterized the gene immediately upstream of the known S. cerevisiae biotin biosynthesis pathway. This gene, BIO6, was found as a result of genomic sequencing of the sake-brewing, biotin prototrophic strain K7 of S. cerevisiae. This gene is a paralog of the horizontally transferred BIO3, but was shown to have acquired a new function. On the basis of analysis of gene order, this duplication appears to have been independent of the genome duplication (Wolfe and Shields 1997) . BIO6 is necessary but not sufficient for biotin production indicating the presence of one or more additional genes. We have identified the open reading frame adjacent to BIO6 as the upstream step of biotin synthesis in S. cerevisiae. This gene, which is now named BIO1, is a paralog of the gene YJR154W and appears to have acquired the function of pimeloyl-CoA synthetase (PCAS) and as such is a functional homolog of the bioW gene in Bacillus sp. and the bioC-bioH complex of E. coli. In S288c, there are two pseudogene copies each of BIO1 and BIO6 located on chromosomes I and VIII given the systematic names YAR069W-A (BIO6) and YHR214W-F (BIO8) and YAR070W-A (BIO1) and YHR214W-G (BIO7).
MATERIALS AND METHODS
Phylogenetic methods: Accession numbers for all sequences used in this analysis can be found in supplemental Table 6 at http:/ /www.genetics.org/supplemental/. Gene sequences and ribosomal small subunit ribosomal (SSU) DNA sequences used in this analysis were acquired from GenBank (Benson et al. 1999) . Ribosomal SSU sequences were aligned by primary structure using ClustalX (Thompson et al. 1997) . Amino acid sequences for all biotin biosynthesis genes were aligned by primary structure using ClustalX. Ambiguously aligned regions were excluded from analysis. Estimates of phylogenetic relatedness among species were determined using neighborjoining (NJ) (Saitou and Nei 1987) analysis of SSU sequences. NJ trees were constructed in ClustalX using the IUB matrix. NJ trees were bootstrapped in ClustalX using 1000 replicates. Estimates of phylogenetic relatedness among biotin biosynthesis genes were determined using NJ analyses of protein sequences. NJ trees were constructed in ClustalX using the method of Saitou and Nei (1987) and the Gonnet matrix (Gonnet et al. 1992) .
Yeast strains and plasmids: The S. cerevisiae strains used in this study are listed in supplemental Table 7 at http:/ /www. genetics.org/supplemental/. Strains SCCH015 (bio1THygB), SCCH016 (bio3THygB), and SCCH017 (bio6THygB) were created by the PCR-mediated gene disruption technique, using the hygromycin B resistance cassette from plasmid pGA32 and the primer pairs BIO1KO1-BIO1KO2, BIO3KO1-BIO3KO2, and BIO6KO1-BIO6KO2, respectively (Wach et al. 1994; Lorenz et al. 1995) . All gene disruptions were confirmed by PCR and sequencing by standard methods using primer pairs BIO6PFX-HYGB and HYGC-PHO11R for BIO1, BIO3A-HYGB and HYGC-BIO3D for BIO3, and BIO6A-HYGB and HYGC-BIO6D for BIO6 (Mullis et al. 1986) . Plasmids used in this study are listed in supplemental Table 8 at http:/ /www.genetics. org/supplemental/. Primer sequences used in this study are listed in supplemental Table 9 at http:/ /www.genetics.org/ supplemental/.
To test whether BIO1 is necessary for biotin biosynthesis in S. cerevisiae, BIO1, BIO6, and both genes together were expressed in S288c on derivatives of the 2 m plasmid YEplac195 containing the BIO1, BIO6, and BIO6-BIO1 (with intergenic sequence) genes, respectively. BIO1, BIO6, and BIO6-BIO1 were PCR amplified from A364a genomic DNA using primers BIO1PF-BIO1PR, BIO6PF-BIO6PR, and BIO6PF-BIO1PR, respectively. PCR products were inserted by homologous plasmid gap repair in vivo (Lorenz et al. 1995) . Plasmid PPH001 was digested with EcoRI. Linearized plasmid and PCR products were used to transform S. cerevisiae strain BY4743. Cells were selected on minimal media lacking uracil (Burke et al. 2000) . Plasmid inserts were confirmed by PCR and sequencing using primers PTHQOUT1, PTHQOUT2, PTHQOUT3, PTHQIN1, PTHQIN2, and PTHQIN3.
To determine if YJR154W can complement a BIO1 deletion, BIO1 and YJR154W were PCR amplified and cloned into the 2 m plasmid vector (p427-TEF) under the control of a TEF1 promoter and introduced into the bio1D (SCCH015) deletion strain. BIO1 and YJR154W were PCR amplified from A364a genomic DNA using primer pairs BIO1PF427-BIO1PR427 and YJR154WPF427-YJR154WPR427, respectively. PCR products were inserted by homologous plasmid gap repair in vivo (Lorenz et al. 1995) . Plasmid p427-TEF was digested with EcoRI. Linearized plasmid and PCR products were used to transform S. cerevisiae strain SCCH015. Cells were selected on yeast peptone dextrose (YPD) with G418. PCR and sequencing using primers TEFfw, CYCtREV, and CYCtREV2 confirmed plasmid inserts.
To determine if BIO3, BIO6, and the BIO3 homolog from K. lactis have overlapping function, BIO3, BIO6, and the BIO3 homolog from K. lactis were PCR amplified and cloned into the 2 m plasmid vector (p427-TEF) under the control of a TEF1 promoter and introduced into the bio3D (SCCH016) and bio6D (SCCH017) deletion strains. BIO3, BIO6, and the BIO3 homolog from K. lactis were PCR amplified from S. cerevisiae strain A364a and K. lactis strain CBS 683 genomic DNA using primer pairs BIO3PF427-BIO3PR427, BIO6PF427-BIO6PR427, and KLACBIOPF427-KLACBIOPR427, respectively. PCR products were inserted by homologous plasmid gap repair in vivo (Lorenz et al. 1995) . Plasmid p427-TEF was digested with EcoRI. Linearized plasmid and PCR products were used to transform S. cerevisiae strains SCCH016 and SCCH017. Cells were selected on YPD with G418. PCR and sequencing using primers TEFfw, CYCtREV, and CYCtREV2 confirmed plasmid inserts.
Media and growth conditions: For general cultivation purposes all strains were grown on YPD broth and agar (Burke et al. 2000) . Selection for plasmids PPH001, PCH001, PCH002, and PCH003 was performed on synthetic complete minus uracil media (SC ÀUra) (Burke et al. 2000) . Selection for plasmids p427-TEF, PCH004, PCH005, PCH006, PCH007, and PCH008 was performed on YPD media with G418 (Burke et al. 2000) . Tests for biotin prototrophy were performed on biotinfree media composed of ammonium sulfate (15 mm), monopotassium phosphate (6.6 mm), dipotassium phosphate (0.5 mm), sodium chloride (1.7 mm), calcium chloride (0.7 mm), magnesium chloride (2 mm), boric acid (0.5 mg/ml), copper chloride (0.04 mg/ml), potassium iodide (0.1 mg/ml), zinc chloride (0.19 mg/ml), calcium pantothenate (2 mg/ml), thiamine (2 mg/ml), pyridoxine (2 mg/ml), inositol (20 mg/ml), and glucose (2%). It was found that agar contained too much contaminating biotin to prevent background growth of auxotrophic strains of S. cerevisiae. When plates were required, agarose was used as a gelling agent to a final concentration of 2%. For growth of strain A364a this media was supplemented with adenine sulfate (20 mg/liter), histidine (20 mg/liter), lysine Figure 2 .-Phylogeny of BIO1 from S. cerevisiae and related genes and pimeloyl-CoA synthetase genes from prokaryotes (left) and species phylogeny based on SSU rDNA (right). BIO1 (clade a) is a duplicate copy of YJR154W. The pimeloyl-CoA synthetase activity of the genes in species in boldface type has been experimentally verified (Streit and Entcheva 2003) . Pimeloyl-CoA synthetase activity appears to be highly divergent among the prokaryotes with some bacteria requiring the two-gene bioC-bioH complex (clades b and e) and others requiring a single gene such as bioW or bioZ (clades c and d). Trees were constructed by NJ in ClustalX. Numbers indicate bootstrap support for each node of 1000 replicates. Taxa marked with asterisks indicate putative phytanoyl-CoA dioxygenases.
(30 mg/liter), and tyrosine (30 mg/liter). We found it necessary to titrate the level of biotin by transferring from two or more plates of media lacking biotin to eliminate background growth. For media containing biotin, biotin was added to a final concentration of 2 mg/liter.
RESULTS
To identify the remaining gene(s) necessary for biotin biosynthesis, crosses were carried out between the biotin producing strains YJM627 and A364a and the biotin auxotroph S288c. Thirty tetrads from the YJM627-S288c cross yielded a complex segregation pattern of 4 4:0 (1, À), 17 3:1 (1, À), and 9 2:2 (1, À) for biotin production. This pattern is consistent with two redundant and unlinked loci. Results from 25 tetrads of the A364a-S288c cross showed 2:2 segregation in all cases. S288c lacks at least two biotin biosynthesis genes, one of which is BIO6. The observed segregation pattern suggested a single-gene trait, and indicated that the missing gene(s) was closely linked to BIO6. Analysis of the genome sequences of the Saccharomyces sensu stricto species as well as compiled data from the S. cerevisiae genome projects ongoing at the Sanger Centre (http://www.sanger.ac. uk/Teams/Team71/durbin/sgrp/) allowed construction of a gene map of the region surrounding BIO6 ( Figure  1 ). Several genes neighbor BIO6, including members of the multigene families FLO1 (flocculation), PHO11 (acid phosphatase), and IMD1 (inosine monophosphate dehydrogenase), as well as genes of unknown function. Examination of the map suggested that the most likely candidate for ''BIO1'' was the gene immediately flanking BIO6. This gene is a paralog copy of YJR154W, a gene of unknown function but with sequence similarity to genes that bind phytanoyl-CoA, a molecule structurally similar to pimeloyl-CoA ( . Cells were grown overnight in YPD, transferred to liquid minimal media lacking biotin, grown overnight, transferred a second time to liquid minimal media lacking biotin, and then spotted onto plates. S288c is a biotin auxotroph. A364a is a biotin prototroph. All plasmids were transformed into strain SCCH015 (A364a derived, bio1THygB). 1vector indicates vector alone (plasmid p427-TEF), 1BIO1 includes BIO1 gene (plasmid PCH004), and 1YJR154W includes the YJR154W gene (plasmid PCH005).
Figure 3.-Growth of S. cerevisiae strains on media containing 2 mg/liter biotin (A) and lacking biotin (B). Cells were grown overnight in YPD, transferred to liquid minimal media lacking biotin, grown overnight, transferred a second time to liquid minimal media lacking biotin, and then spotted onto plates. S288c is a biotin auxotroph. YJM627 is a biotin prototroph. 1vector indicates vector alone (plasmid PPH001), 1BIO1 includes BIO1 gene (plasmid PCH001), 1BIO6 includes BIO6 gene (plasmid PCH002), and 1BIO1BIO6 includes both genes on a single plasmid (plasmid PCH003).
sequencing confirmed that BIO6 is flanked by this putative BIO1 in S. cerevisiae strains A364a and YJM627.
To test whether BIO1 is necessary for biotin biosynthesis in S. cerevisiae, BIO1 and BIO6 were PCR amplified and cloned into a plasmid vector (YEplac195 derived), both individually under the control of an ADH1 promoter and together on the same plasmid with BIO6 under the control of an ADH1 promoter and BIO1 under the control of its native promoter. S288c strains with both BIO1 and BIO6, but not with either individually or with the vector control, became biotin prototrophs ( Figure  3 ). Growth on 5-FOA to select for loss of the plasmid resulted in loss of biotin prototrophy (data not shown). These results indicate that BIO1 and BIO6 are together necessary and sufficient for the conversion of S288c into a biotin prototroph and suggests that BIO1 is the likely pimeloyl-CoA synthetase of S. cerevisiae.
To determine if BIO3 and BIO6 have overlapping function, and if YJR154W can complement a BIO1 deletion, we constructed deletions of BIO1, BIO3, and BIO6 in the biotin prototrophic strain A364a. BIO1, BIO3, and BIO6 were disrupted by the replacement of the open reading frame with the hphMX4 (Goldstein and McCusker 1999) cassette by homologous recombination. All three deletions were confirmed by PCR and sequencing. All three deletions resulted in a strain auxotrophic for biotin.
BIO1 and YJR154W were PCR amplified and cloned into a plasmid vector (p427-TEF) under the control of a TEF1 promoter and introduced into the bio1D deletion strain. The plasmid expressing BIO1 was able to com- Figure 5 .-Growth of S. cerevisiae strains on media containing 2 mg/liter biotin (A) and lacking biotin (B). Cells were grown overnight in YPD, transferred to liquid minimal media lacking biotin, grown overnight, transferred a second time to liquid minimal media lacking biotin, and then spotted onto plates. S288c is a biotin auxotroph. A364a is a biotin prototroph. All plasmids were transformed into strain SCCH016 (A364a derived, bio3THygB). 1vector indicates vector alone (p427-TEF ), 1BIO3 and 1BIO3 K. lactis includes the BIO3 gene from S. cerevisiae and K. lactis, respectively (plasmids PCH006 and PCH007), and 1BIO6 includes the BIO6 gene (plasmid PCH008).
Figure 6.-Growth of S. cerevisiae strains on media containing 2 mg/liter biotin (A) and lacking biotin (B). Cells were grown overnight in YPD, transferred to liquid minimal media lacking biotin, grown overnight, transferred a second time to liquid minimal media lacking biotin, and then spotted onto plates. S288c is a biotin auxotroph. A364a is a biotin prototroph. All plasmids were transformed into strain SCCH017 (A364a derived, bio6THygB). 1vector indicates vector alone (p427-TEF ), 1BIO3 and 1BIO3 K. lactis includes the BIO3 gene from S. cerevisiae and K. lactis, respectively (plasmids PCH006 and PCH007), and 1BIO6 includes the BIO6 gene (plasmid PCH008). plement the bio1D strain, while the plasmid expressing YJR154W was not able to complement the bio1D strain ( Figure 4) . Similarly, BIO3, BIO6, and the BIO3/BIO6 homolog from K. lactis were PCR amplified and cloned into a plasmid vector (p427-TEF ) under the control of a TEF1 promoter and introduced into the bio3D and bio6D deletion strains. The plasmids expressing BIO3 from S. cerevisiae and K. lactis were able to complement the bio3D strain, while the plasmid expressing BIO6 did not complement ( Figure 5 ). In the bio6D strain, the plasmids expressing BIO3 from S. cerevisiae and K. lactis were unable to complement the bio6D strain, while the plasmid expressing BIO6 was able to complement (Figure 6 ), confirming the results reported by Wu et al. (2005) . DISCUSSION A controversy arose following the seminal work of Pasteur (1860) as to the nutrient requirements of yeast. While some supported the observation of Pasteur that fermentation could be obtained with a media of mineral salts in the form of yeast ash, sucrose, ammonium tartrate, and a pinhead-sized inoculum of levure (Duclaux 1864) , others reported that this mixture was insufficient to allow growth (von Leibig 1869). Extensive work by Wildiers (1901) suggested the existence of an essential micronutrient that is water soluble, insoluble in alcohol, absent from yeast ash, dialyzable, and while present in peptone and beer wort, absent from urea, asparagine, and several other nitrogenous compounds. He named this compound ''bios.'' Efforts to purify this compound failed, and controversy continued over the nature of this compound and even its existence (Tanner 1924) . Work by Farries and Bell (1930) showed that A. gossypii and two related species are unable to grow on asparagine as a sole nitrogen source, while some other fungi including Fusarium fructigenum were capable of growth. They found that a growth factor was necessary for growth of A. gossypii, which they furthermore fractionated and extensively analyzed. Work by Buston and Pramanik (1931a,b) showed that this factor necessary for growth of A. gossypii contained two components, one being inositol, and the other being identified several years later by purification, crystallization, and compositional determination as biotin (Kogl and Tonnis 1936) .
In retrospect, much of the confusion over the existence and nature of bios may have stemmed from variability of the organisms used-we now know that some S. cerevisiae strains are biotin auxotrophs and that a few S. cerevisiae strains and many other fungal species are prototrophic (Shchelokova and Vorob'eva 1982) (Figure 7 and Table 1 ). Furthermore, many S. cerevisiae autotrophic strains can utilize not only biotin, but also certain intermediates in the biotin biosynthetic pathway (Phalip et al. 1999) , and even a dilution of 4 3 10 À11 of crystallized biotin is sufficient to allow yeast growth (Kogl et al. 1937) . It is possible that either the strain studied by Pasteur was a biotin prototroph or that his pinhead-sized inoculum transferred sufficient biotin to enable growth. It is also clear that A. gossypii was a fortuitous subject for the analysis of biotin by Farries and Bell. The species is not only vigorously growing and a biotin auxotroph, but, as genome sequencing has revealed (Dietrich et al. 2004) , is lacking the biotin synthetic genes BIO2, BIO3, BIO4, and BIO5 found in biotin auxotrophic strains of S. cerevisiae and is thus unable to convert biotin precursors to biotin.
The identification of biotin, its role as a cofactor, and the resolution of its structure had a protracted history. The biotin synthesis pathway in S. cerevisiae has proven difficult to study largely because the evolution of the biotin biosynthesis pathway in S. cerevisiae has been complex. As we discuss in more detail below, the biotin biosynthesis pathway in S. cerevisiae has evolved by mechanisms of gene loss and gene gain by both HGT and gene duplication, making the biotin synthesis pathway an interesting model of gene pathway evolution. Also, unusually for S. cerevisiae, five of the six genes required for biotin synthesis, including all of the horizontally derived and duplicated genes, are localized to two subtelomeric clusters.
Gene clustering: The BIO1 and BIO6 genes are adjacent, as are the BIO3, BIO4, and BIO5 genes in S. (2), K. lactis (2), S. cerevisiae (37), S. paradoxus (35), and S. kluyveri (2) were replica plated from minimal media onto media lacking biotin. Some strains show no growth, some weak growth, and others robust growth. This experiment was repeated three times. Growth indicated is an average for all three experiments. It is likely that growth differences are due to copy number differences in BIO6 and BIO1 (Wu et al. 2005) . Strains used and their relative growth on minimal media lacking biotin are summarized in Table 1. cerevisiae. We have examined the extent of clustering of genes of related function and found that clusters of genes of related function are unusual, and generally, there is very little clustering of genes of related function in S. cerevisiae. For most pathways, genes are scattered across the genome. With the exception of five specific categories of genes, discussed below, we identified only 14 pairs of adjacent, functionally related genes. This 
The fructose symporter (GenBank no. AJ250992) is from Saccharomyces pastorianus, now considered a strain of S. cerevisiae, and is located adjacent to SOR3. FRE3 and FRE5 are duplicated genes, as are FIT2 and FIT3. Figure 8 and their relative growth on minimal media lacking biotin General transcriptional corepressor, acts together with Tup1p; also acts as part of a transcriptional coactivator complex that recruits the SWI/SNF and SAGA complexes to promoters Yes Yes YDR402C (DIT2) N-formyltyrosine oxidase, sporulation-specific microsomal enzyme required for spore wall maturation, involved in the production of a soluble LL-dityrosinecontaining precursor of the spore wall, homologous to cytochrome P-450s YDR403W (DIT1) Sporulation-specific enzyme required for spore wall maturation, involved in the production of a soluble LL-dityrosine-containing precursor of the spore wall; transcripts accumulate at the time of prospore enclosure Yes Yes YDR522C (SPS2) Protein expressed during sporulation, redundant with Sps22p for organization of the b-glucan layer of the spore wall; S. pombe ortholog is a spore wall component YDR523C (SPS1) Putative protein serine/threonine kinase expressed at the end of meiosis and localized to the prospore membrane, required for correct localization of enzymes involved in spore wall synthesis Yes Yes YHR102W (KIC1) Protein kinase of the PAK/Ste20 kinase family, required for cell integrity possibly through regulating 1,6-b-glucan levels in the wall; physically interacts with Cdc31p (centrin), which is a component of the spindle pole body YHR103W (SBE22) Protein involved in the transport of cell wall components from the Golgi to the cell surface; similar in structure and functionally redundant with Sbe2p; involved in bud growth Yes Yes YNL261W (ORC5) Subunit of the origin recognition complex, which directs DNA replication by binding to replication origins and is also involved in transcriptional silencing YNL262W (POL2) Catalytic subunit of DNA polymerase epsilon, one of the major chromosomal DNA replication polymerases characterized by processivity and proofreading exonuclease activity; also involved in DNA synthesis during DNA repair ).' ' Lee and Sonnhammer (2003, p. 875 ) reported on the basis of the KEGG pathways (Kanehisa et al. 2006 ) that ''virtually all pathways in S. cerevisiae showed significant clustering.' ' Teichmann and Veitia (2004, p. 2124) reported that ''a significant fraction of genes encoding subunits of stable complexes are close to each other on yeast chromosomes.'' Analysis of adjacent genes in S. cerevisiae using the KEGG pathways (Kanehisa et al. 2006) , GO annotation (Ashburner et al. 2000) , gene names, and Saccharomyces Genome Database (SGD) descriptions (Cherry et al. 1997) identifies five categories of genes that are clustered by function. The genes involved in biotin synthesis are an example of a ''dispensable pathway,'' a pathway that is found in some strains and species but not in others within a phylogenetic clade. In S. cerevisiae this category includes specific carbon source utilization clusters, aryl-sulfate utilization, siderophore-bound iron utilization, utilization of S-adenosylmethionine, and the utilization of allantoin as a nitrogen source (Wong and Wolfe 2005) . This category furthermore includes arsenic resistance and vitamin B1/B6 metabolism ( Table 2) . The limited number of dispensable pathway clusters in S. cerevisiae is likely a reflection of the absence of secondary metabolism. Dispensable pathway clusters have been widely reported in other fungi including indolediterpene biosynthesis in Neotyphodium lolii (Young et al. 2006) and Aspergillus flavus (Zhang et al. 2004) , the penicillin biosynthetic gene cluster in Penicillium chrysogenum (Smith et al.1990; Abe et al. 2002) , P. nalgiovense (Cherry et al. 1997) . (Laich et al. 1999) , P. griseofulvum, and P. verrucosum (Laich et al. 2002) , the aflatoxin pathway in A. nidulans (Keller and Adams 1995) and A. parasiticus (Trailet al. 1995) , ergot synthesis in Claviceps purpurea (Tudzynski et al. 1999) , and genes involved in plant pathogenesis in Ustilago maydis (Kamper et al. 2006) .
The additional four categories of clustered genes as well as two categories of artifacts that have possibly been confused with functionally related gene clusters in previous analyses, are summarized in Tables 1-3, and  in supplemental Table 4 at http://www.genetics.org/ supplemental/. Beyond these five categories of clustered genes, only 14 pairs of adjacent genes of related function were identified (Table 3) . Of these 14 pairs only 8 pairs are also adjacent genes in A. gossypii.
The clustering of the biotin biosynthesis genes is consistent with the observation that these genes are not ubiquitous in the hemiascomycetes nor are they consistently found in the species S. cerevisiae. It is unclear whether the clustering of genes in dispensable pathways is a result of selection for more efficient transmission of the trait to meiotic progeny, or of selection against toxic intermediates produced by incomplete pathways in meiotic progeny, or some other explanation.
Horizontal gene transfer: A comparison of S. cerevisiae and A. gossypii (Hall et al. 2005) identified 10 genes horizontally acquired from prokaryotes by S. cerevisiae since the divergence of these species, including BIO3 and BIO4. We here report an updated analysis of horizontally acquired genes in S. cerevisiae including an additional 3 genes (supplemental Table 5 and supplemental Figures 3, 4 , and 5 at http://www.genetics.org/ supplemental/).
In our initial analysis of HGT in S. cerevisiae and A. gossypii, the majority of the genes of recent bacterial origin in S. cerevisiae appeared to be enzymes involved in the scavenging of nutrients such as the horizontally acquired alkyl-aryl sulfatase BDS1. This observation fits well with our understanding of HGT in bacteria in which HGT appears to be a mechanism for the acquisition of novel metabolic characteristics. These genes appear to be single-gain events that provide an immediate selective advantage. Uniquely, the two genes of the biotin biosynthesis pathway identified in our screen as likely recent horizontal acquisitions, BIO3 and BIO4, encode two adjacent steps of the same biosynthetic pathway. Phylogenetic analysis strongly supported the view that these two genes were of recent bacterial origin (Figures 8 and  9 ). Phylogenetic analysis also indicated that these two genes were not acquired simultaneously as part of an ''operon transfer'' but individually from different prokaryotic donors. BIO3 appears to come from gammaproteo bacteria and BIO4 from alpha-proteo bacteria. Further evidence for HGT of BIO3 and BIO4 is that in the eukaryotic biotin biosynthesis pathway, the activities of dethiobiotin synthetase (DTBS) and DAPA synthetase (DS) appear to be performed by a single protein encoded by a single gene based on sequence homology. Species with eukaryotic type DTBS and DS show this dual function enzyme structure. In prokaryotes and in some hemiascomycetes, these two activities are encoded on separate genes (supplemental Figure 6 at http:// www.genetics.org/supplemental/).
Reconstruction of the biotin synthesis pathway: Identification of S. cerevisiae genes in amino acid and nucleotide synthesis pathways dates to the 1950s, yet the first gene identified in biotin biosynthesis was BIO2 in 1995 (Zhang et al. 1994) . With the identification of BIO3, BIO4, BIO5 (Phalip et al. 1999) , BIO6 (Wu et al. 2005) , and BIO1 (this report), it now appears that the complete set of genes for biotin biosynthesis in S. cerevisiae has been identified.
The identification of BIO6 and now BIO1 allows us to reconstruct the evolutionary history of the entire pathway. This history is detailed in Figure 10 . All of the known genes for biotin biosynthesis form distinct eukaryotic and prokaryotic clades (Figures 2, 8, 9 , 10 and supplemental Figure 2 at http://www.genetics.org/ supplemental/). Construction of gene phylogenies for each step of biotin biosynthesis reveals that eukaryotictype biotin biosynthesis genes are found among plants and most fungi, but disappear after the divergence of Yarrowia lipolytica from the rest of the hemiascomycetes except for the final step biotin synthetase (BS). Other than Y. lipolytica, most hemiascomycete fungi possess prokaryotic-type DTBS and DS genes. The most likely explanation for this observation is that the eukaryotic biotin biosynthetic pathway was lost in the ancestor of Candida/Debaryomyces/Kluyveromyces/Saccharomyces after the divergence with the ancestor of Y. lipolytica except for the final step, BS (Figure 10 and supplemental Figure 2 at http:/ /www.genetics.org/supplemental/). The next two steps, DTBS and DS, were then reacquired by HGT from prokaryotes. It is difficult to precisely determine at which point in the evolution of the hemiascomycetes the loss of the pathway occurred or when prokaryotic genes were acquired. This uncertainty is due to limited genomic sampling of more basal hemiascomycetes.
The partial construction of the biotin biosynthesis pathway accomplished by the acquisition of bacterial genes left the pathway still incomplete, yet this partial pathway appears to have been maintained (Figure 10 ). With the appearance of the Saccharomyces sensu stricto complex, reconstruction of the biotin biosynthesis pathways was completed with the appearance of BIO6, a KAPA synthetase (KS), and BIO1, a putative PCAS. Phylogenetic construction indicates that these genes are the result of duplication of BIO3 and YJR154W, respectively. BIO3 does not have the function of BIO6 (Wu et al. 2005 ; this study), nor does YJR154W have the function of BIO1 (this study). These two genes represent cases of gene duplication with subsequent neofunctionalization.
One of the most important largely unresolved issues in evolutionary biology concerns the genetic origins of morphological and biochemical novelties. The most common source of new genetic material in eukaryotes appears to be gene duplication. Gene duplication refers to the production of two duplicate loci, through unequal crossing over, tandem duplication, or other illegitimate chromosomal rearrangements. Gene duplication was originally discussed in the work of Muller (1936) , but its full importance in the evolutionary process was not generally realized until Ohno's seminal book .30 years later (Ohno 1970) . Previously, models have predicted that it is rarer for a duplicated gene to reach a stable frequency in a population than to be silenced through mutation (made into a nonfunctional ''pseudogene'') (Haldane 1933; Ohno 1970) . Some insight into the extent of gene loss after duplication can be gained by examining the whole-genome duplication in the lineage of S. cerevisiae. In that case it has been shown that 92% of the duplicated genes were lost within 100 million years after genome duplication (Seoighe and Wolfe 1998) . It seems more likely for a gene to be lost after duplication than to acquire a new function. The reconstructed biotin biosynthesis pathway observed in S. cerevisiae acquired two genes by this process. It is also interesting to note that BIO5, although not part of the core biosynthetic pathway, also appears to have formed as the result of gene duplication and possible neofunctionalization (supplemental Figure 7 at http://www. genetics.org/supplemental/).
In this work we report the identification of BIO1 as the first step of the known biotin biosynthetic pathway in S. cerevisiae. We also examine the remarkable evolutionary history of biotin biosynthesis in S. cerevisiae and related fungi. We conclude that the biotin biosynthetic pathway represents an example of gene pathway evolution. In this lineage, biotin biosynthesis has been nearly lost and then rebuilt by two rare genetic phenomena: horizontal gene transfer and gene neofunctionalization after duplication. More work is needed to determine whether pimelic acid, malonyl-CoA, or another molecule functions as the first intermediate in biotin synthesis in S. cerevisiae.
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